Circulation Journal Official Journal of the Japanese Circulation Society http://www. j-circ.or.jp ardiac resynchronization therapy (CRT) has been established as an adjunctive therapy for patients with advanced heart failure (HF) in association with asynchronous ventricular contraction. 1-5 The benefit of CRT can be achieved by restoring left ventricular (LV) as well as interventricular synchrony, which requires earlier LV free wall contraction compared to the baseline condition. 6-9 Besides the ventricular pacing sites, an appropriate timing of atrioventricular (AV) contraction delay, AV synchronization, is critical to maximize the response to CRT. 8-13 As chronotropic incompetence is common among patients with advanced HF, right atrial (RA)-paced biventricular pacing, in which RA pacing lead is routinely placed at appendage (RAA), is often employed with CRT. 13-15 The setting of appropriate AV delay during RAA pacing, however, is complicated by the pacing-induced delay of left atrial (LA) contraction; 16-18 a prolongation of AV delay for preservation of LA-to-LV synchrony would prevent ventricular resynchronization, whereas an abbreviation of AV delay to achieve ventricular synchrony would cause premature mitral valve closure and an interruption of transmitral LV inflow during LA contraction. 14 RA septal pacing to minimize RA pacing-induced LA contraction delay has been suggested to solve the dilemma of atrial pacing in patients with CRT, but this remains to be confirmed. 14,15,19-22 In the present study, we investigated 2 groups of patients by Doppler echocardiograpy in order to obtain more insight into the issue. In 25 patients (Group I) who underwent ordinary pacemaker implantation with preserved AV conduction and LV function, RAA and Bachman's bundle (BB) pacing at AAI mode were compared with sinus rhythm (SR) in terms of their effects on the atrial synchrony and LV performance under physiological excitation. In another 15 patients (Group II) 
ardiac resynchronization therapy (CRT) has been established as an adjunctive therapy for patients with advanced heart failure (HF) in association with asynchronous ventricular contraction. 1- 5 The benefit of CRT can be achieved by restoring left ventricular (LV) as well as interventricular synchrony, which requires earlier LV free wall contraction compared to the baseline condition. 6-9 Besides the ventricular pacing sites, an appropriate timing of atrioventricular (AV) contraction delay, AV synchronization, is critical to maximize the response to CRT. 8- 13 As chronotropic incompetence is common among patients with advanced HF, right atrial (RA)-paced biventricular pacing, in which RA pacing lead is routinely placed at appendage (RAA), is often employed with CRT. 13- 15 The setting of appropriate AV delay during RAA pacing, however, is complicated by the pacing-induced delay of left atrial (LA) contraction; 16-18 a prolongation of AV delay for preservation of LA-to-LV synchrony would prevent ventricular resynchronization, whereas an abbreviation of AV delay to achieve ventricular synchrony would cause premature mitral valve closure and an interruption of transmitral LV inflow during LA contraction. 14 RA septal pacing to minimize RA pacing-induced LA contraction delay has been suggested to solve the dilemma of atrial pacing in patients with CRT, but this remains to be confirmed. 14,15,19- 22 In the present study, we investigated 2 groups of patients by Doppler echocardiograpy in order to obtain more insight into the issue. In 25 patients (Group I) who underwent ordinary pacemaker implantation with preserved AV conduction and LV function, RAA and Bachman's bundle (BB) pacing at AAI mode were compared with sinus rhythm (SR) in terms of their effects on the atrial synchrony and LV performance under physiological excitation. In another 15 patients (Group II) who received CRT, RA C 2800 SUZUKI T et al.
(BB)-paced biventricular pacing (DDD mode) was compared with RA-sensed biventricular pacing (VDD mode) in terms of their effects on the atrial synchrony and LV performance under paced excitation.
Methods

Patients
Twenty-five patients (Group I, 62±18 years, 13 males) underwent dual chamber pacemaker implantation for sick sinus syndrome (the AV conduction and LV function were kept normal in this group). The atrial lead was placed in the RAA in 10 patients in a conventional manner, whereas the lead was fixed at the posterior RA septum (near the junction with superior vena cava) for BB pacing in the remaining 15 patients. 20 The BB pacing site was targeted by pace mapping using a custommade stylet under fluoroscopy guidance, and the atrial lead was screwed into a site producing the shortest P-wave duration (PWD) in 12-lead electrocardiogram (ECG) (Figure 1) . The right ventricular (RV) lead was screwed into the mid septum in all the patients. Patients were excluded if they had LV ejection fraction (LVEF) <55% on the echocardiography or prolonged PR interval (>220 ms) on the ECG. There were no significant differences between RAA pacing and BB pacing patients in terms of age, gender distribution, LA dimension, and LVEF (Table 1) . Fifteen patients (Group II, 70±9 years, 9 males) received CRT for treatment of advanced HF with New York Heart Association (NYHA) functional class ≥III, LVEF <35% on the echocardiography, and QRS complex duration >130 ms on ECG showing a left bundle block or an intraventricular conduction disturbance (Table 1) . 23 , 24 The etiology of HF was ischemic cardiomyopathy for 6 patients and non-ischemic cardiomyopathy for 9 patients. The NYHA class was III for 14 and IV for 1. The QRS duration, LA dimension, and LVEF at baseline are shown in Table 1 . The atrial lead for BB pacing was targeted and fixed by the pace mapping procedure as described above. The LV lead (coronary sinus lead) was placed in a lateral vein in 8 patients, and in a posterolateral vein in 7 patients. The RV lead was positioned in the apex in all the patients. Patients were excluded if they have right bundle branch block, chronic atrial fibrillation/flutter, or coronary artery disease indicated for revascularization.
Echocardiography
Two-dimensional and Doppler echocardiography was performed using a standard echocardiographic system (Prosound SSD-αD, ALOKA, Tokyo, Japan). In Group I patients, the examination was carried out during SR and RA single chamber pacing (AAI mode). In Group II patients (with CRT), the examination was carried out during RA-sensed biventricular pacing (VDD mode) and RA (BB)-paced biventricular pacing (DDD mode). All anti-arrhythmic drugs were withheld for periods of at least 5 times their half lives before the examination Intervals from the onset of Pwave on the ECG in lead II or III to the onset of atrial filling flow on the pulsed-wave Doppler echocardiography at the mitral (Am) and at the tricuspid (At) annulus were measured, and the time difference between P-Am and P-At intervals was calculated to estimate the interatrial mechanical delay (IAMD).
Intervals from the onset of QRS complex on the ECG to the onset of ejection flow in the LV and RV outflow tracts on the continuous-wave Doppler echocardiography were measured as LV pre-ejection interval and RV pre-ejection interval, respectively. The time difference between LV and RV pre-ejection intervals was defined as interventricular mechanical delay (IVMD). Velocity time integral (VTI) in the LV outflow tract (VTILVOT) was measured by tracing the Doppler spectral profile. LV filling time was determined as the time interval from the onset of early diastolic flow at the mitral annulus (Em wave) to the offset of Am wave. LV ejection time was estimated by measuring the interval between the onset and offset of LV ejection flow. Total isovolumic time (TIVT) was obtained by subtracting ejection time from the time interval between the onset of S-I and the onset of subsequent Em wave. 25 Myocardial performance index (Tei index) was calculated as TIVT/ ejection time. 25, 26 In Group I patients, when the onset of S-I preceded the point where a tangent of descending slope of Am wave crosses the baseline, it was defined as Am-wave cut-off. 14 In Group II patients, the AV delay optimization was made by the guidance of mitral inflow method; the AV delay was set to ensure the onset of S-I at the end of Am wave for each pacing mode (VDD, DDD). 8,9,27
Figure 2. Tricuspid (Upper panels) and mitral (Lower panels) flow velocity patterns on pulsed-wave Doppler echocardiography during sinus rhythm (SR) (Left panels) and during right atrial appendage (RAA) pacing (Right panels) in a patient of Group I. PCG, phonocardiogram; P-At, interval from the onset of P wave in ECG to the onset of atrial filling wave at the tricuspid annulus; P-Am, interval from the onset of P wave in ECG to the onset of atrial filling wave at the mitral annulus; IAMD, interatrial mechanical delay (time difference between P-Am and P-At). Arrowheads indicate pacing spikes. SUZUKI T et al.
In both Group I and Group II patients, RA pacing rate was programmed to exceed the intrinsic sinus rate by 5-10 beats/min to allow a constant pacing during the study. LV filling time, ejection time, and TIVT during RA pacing were adjusted for differences in heart rate ([time interval during RA pacing] × [RR interval during SR/RR interval during RA pacing]). 14 Evaluation of echocardiographic parameters was performed after a 10-min stabilizing period for each modality. All the parameters were measured for 6 consecutive beats, and the averaged values were reported. Echocardiographic data were independently analyzed by 2 investigators with an interobserver variability of 7.2%. Reported is the average of the 2.
The study was approved by the Institutional Ethics Committee, and all the patients gave their written informed consent.
Statistical Analysis
Data were presented as mean ± standard deviation (SD) unless otherwise specified. Statistical significance was analyzed using Student paired t-test for comparison of data in the same patient group, and Student unpaired t-test or Mann-Whiteny U-test, as appropriate, for comparison of data between the different patient groups. Categorical variables were compared by Fisher's exact test. Statistical significance was established at P<0.05. Figures 2 and 3 illustrate representative pulsed-wave Doppler echocardiography recordings of tricuspid and mitral flow in Group I patients. In a patient with RAA pacing (Figure 2) , P-At and P-Am intervals during SR were 66 ms and 84 ms, re- Bachmann's bundle (BB) pacing (Right panels) in a patient of Group I. PCG, phonocardiogram; P-At, interval from the onset of P wave in ECG to the onset of atrial filling wave at the tricuspid annulus; P-Am, interval from the onset of P wave in ECG to the onset of atrial filling wave at the mitral annulus; IAMD, interatrial mechanical delay (time difference between P-Am and PAt). Arrowheads indicate pacing spikes. Bachmann's Bundle Pacing in CRT spectively; IAMD was 18 ms. Switching from SR to RAA pacing resulted in no change in P-At interval (66 ms), but a prolongation of P-Am interval to 96 ms; IAMD increased to 30 ms. In a patient with BB pacing (Figure 3) , P-At and P-Am intervals during SR were 54 ms and 66 ms, respectively; IAMD was 12 ms. During BB pacing, P-At interval increased to 66 ms, whereas P-Am interval decreased to 54 ms; IAMD was -12 ms. Figure 4 shows magnified images of transmitral inflow during RA pacing in these 2 patients. In the patient with RAA pacing, the terminal portion of Am wave was obviously interrupted (cut-off) by the onset of S-I, which corresponds to the initiation of LV contraction (Left panel). In the patient with BB pacing, in contrast, Am wave terminated completely before the onset of S-I (Right panel). Table 2 summarizes the results obtained from 10 patients with RAA pacing and 15 patients with BB pacing. There was no significant difference in RR interval between the 2 groups at baseline (SR). RAA pacing significantly prolonged PWD and PQ interval compared with SR. P-At interval remained unchanged, whereas P-Am interval was significantly prolonged by the RAA pacing; IAMD was, therefore, significantly increased from 13±13 to 35±12 ms. Am-wave cut-off was not observed at baseline (SR), but recognized in 8 of the 10 patients during RAA pacing. BB pacing significantly shortened PWD and PQ interval compared with SR. P-At interval remained unchanged, whereas P-Am interval was significantly shortened by the BB pacing; IAMD decreased from 10±11 to -11±13 ms, indicating that LA contraction precedes RA contraction. Am-wave cut-off was recognized in 2 patients during both SR and BB pacing; BB pacing did not induce the phenomenon in the remaining 13 patients.
Results
Differential Effects of RA Pacing Site on the Atrial Synchrony in Group I Patients
Differential Effects of RA Pacing Site on LV Performance in Group I Patients
The effects of RAA pacing and BB pacing on the LV performance in the Group I patients are summarized in Table 3 . Values for LV filling time, LV ejection time, and TIVT during RA pacing were all adjusted to changes in heart rate by RA pacing. RAA pacing significantly shortened LV filling time compared with SR. LV ejection time was unaffected, whereas TIVT was significantly increased by the RAA pacing. Tei index was significantly increased, and VTILVOT was significantly decreased by the RAA pacing. BB pacing significantly decreased LV filling time compared with SR, but significantly increased Figures 2 and 3 , respectively. Note that there is an obvious interruption (cut-off) of the atrial filling wave (arrow) by the onset of S-I on the phonocardiography (PCG) during RAA pacing. 
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LV ejection time. TIVT tended to be increased by the BB pacing, but the increase did not reach a statistical significance (P=0.095). Both Tei index and VTILVOT were unaffected by the BB pacing. IVMD was -12 to -13 ms during SR in the both groups of patients, indicating that LV contraction started earlier than RV contraction under physiological excitation. IVMD was affected neither by RAA nor BB pacing. These observations are concordant with previous study by Durrer et al 28 on human hearts with normal AV conduction demonstrating that initiation of LV excitation precedes the onset of RV excitation by 5-10 ms.
Effects of BB Pacing on Atrial Synchrony and LV Performance in Group II Patients
Parameters to estimate the atrial synchrony and the LV performance in 15 patients of Group II are summarized in When the values during RA (BB)-paced biventricular pacing (DDD mode) were compared with RA-sensed biventricular pacing (VDD mode), the AV delay, which was determined by the mitral inflow method, was significantly shorter, and both PWD and PQ interval were significantly shorter during BB pacing (DDD mode). The BB pacing significantly shortened P-Am interval without affecting P-At interval, giving rise to a significant reduction of IAMD (from 21±18 ms to -3±13 ms, P<0.001) and thereby indicating substantial improvement of atrial synchrony. The BB pacing shortened LV filling time, but prolonged LV ejection time without affecting TIVT. Tei index decreased, and VTILVOT increased significantly during the BB pacing, indicating substantial improvement of LV performance. IVMD tended to decrease during the BB pacing, but the change did not reach a statistical significance (P=0.073).
Discussion
Key observations in the present study are as follows. (1) RAA pacing in Group I patients with preserved AV conduction and LV function increased PWD and RA-to-LA contraction delay, and this electromechanical atrial dyssynchrony was associated with a moderate impairment of LV performance. (2) BB pacing in Group I patients did not cause such undesirable effects on atrial synchrony and LV performance. (3) Group II patients with serious HF showed larger atrial dimension and dyssynchrony at baseline (VDD mode) compared with baseline (SR) in Group I. (4) BB pacing in Group II (DDD mode) restored atrial synchrony and improved LV performance.
Undesirable Effects of RAA Pacing on Atrial Synchrony and LV Performance
Our observation of atrial mechanical asynchrony enhanced by RAA pacing in Group I patients is concordant with previous reports. 14,16-18 The present study has also revealed that RAA causes a moderate impairment of LV performance estimated by Tei index and VTILVOT. This might be ascribed mainly to an interruption of transmitral LV inflow by the initiation of LV contraction (Am-wave cut-off) resulting from a delay of LA contraction. Consequent reduction of LV preload would attenuate LV contractility via Frank-Starling mechanism, leading to a reduction of stroke volume in association with an increase in isovolumic contraction time. The increase in TIVT, the increase in Tei index, and the decrease in VTILVOT during RAA pacing Tables 2,3 . Note that the values of LV filling time, LV ejection time, and TIVT during BB pacing are adjusted for differences in RR interval. Bachmann's Bundle Pacing in CRT (Table 3 ) are concordant with this interpretation. Such undesirable hemodynamic effect of LA contraction delay in association with RAA pacing is considered to be more serious in patients with CRT (DDD mode) because of the following reasons. A shortening of the AV pacing delay to enhance the LV contraction synchrony would cause substantial Am-wave cut-off by LV contraction, leading to an impairment of LV performance through a reduction of LV preload. An attempt to avoid Am-wave cut-off by setting the optimal AV contraction delay via mitral inflow method would impair the benefit of CRT to improve LV contraction synchrony. Bernheim et al 14 demonstrated in CRT patients that RAA pacing (DDD mode) with the optimal AV delay reduced LV performance (estimated by VTILVOT and Tei index) compared with VDD mode, and this deterioration was associated with an increase in intraventricular dyssynchrony assessed by the septal-to-posterior wall motion delay. A similar trade-off of RAA pacing in the setting of CRT was also reported by Gold et al. 15 Effects of BB Pacing on Atrial Synchrony and LV Performance The BB plays an important role in interatrial propagation of the sinus impulse in humans. 29 BB pacing has been introduced to achieve a synchrony of atrial excitation to prevent atrial fibrillation. 19 For lead implantation of BB pacing, we used a targeting procedure reported by Nishi et al. 20 In both Group I and Group II patients, BB pacing reversed physiological RA-to-LA contraction sequence, but shortened PWD and PQ interval compared with baseline (SR in Group I, and VDD pacing mode in Group II). The atrial mechanical synchrony estimated by absolute values of IAMD was enhanced obviously in Group II. In Group I, BB pacing, unlike RAA pacing, did not prevent LV performance. This can be ascribed to early onset of LA contraction to avoid undesirable hemodynamic consequence resulting from Am-wave cut-off. In Group II patients, BB pacing (DDD mode) significantly improved LV performance compared with baseline (VDD mode). This beneficial effect can be explained most likely by earlier LA contraction, which enables shorter AV delay (at the end of Am wave) in favor of better LV synchrony. An improvement of interventricular synchrony might also contribute to the hemodynamic benefit of BB padding (DDD mode) in the Group II patients because IVMD tended to be reduced compared with VDD mode, although the difference did not reach a statistical significance.
Study Limitations
This study should be interpreted in light of several methodological limitations. First, AV optimization was determined only by mitral flow method. Other methods might have produced different results. 9-13 Second, the effects of BB pacing on LV performance were assessed in the acute setting; the longterm clinical effects were not evaluated. Third, effect of interventricular timing (V-V offset) on LV performance was not assessed; only simultaneous biventricular pacing was evaluated. 30, 31 Systematic evaluation of V-V offset in addition to AV delay and atrial pacing was not practical and might have added another complicating variable to the analysis. Forth, the effects of BB pacing were not directly compared with those of RAA pacing in Group II patients. Fifth, intraventricular dyssynchrony was not evaluated quantitatively in Group II patients. Further long-term randomized investigation is needed to confirm the advantage of BB pacing over RAA pacing in patients with CRT.
Conclusion
BB pacing preserves atrial synchrony, and might be more favorable than RAA pacing for maximizing the hemodynamic efficacy of CRT.
